The dystrobrevin-binding protein 1 (DTNBP1) gene has been one of the most studied and promising schizophrenia susceptibility genes since it was first reported to be associated with schizophrenia in the Irish Study of High Density Schizophrenia Families (ISHDSF). Although many studies have been performed both at the functional level and in association with psychiatric disorders, there has been no systematic review of the features of the DTNBP1 gene, protein or the relationship between function and phenotype. Using a bioinformatics approach, we identified the DTNBP1 gene in 13 vertebrate species. The comparison of these genes revealed a conserved gene structure, protein-coding sequence and dysbindin domain, but a diverse noncoding sequence. The molecular evolutionary analysis suggests the DTNBP1 gene probably originated in chordates and matured in vertebrates. No signature of recent positive selection was seen in any primate lineage. The DTNBP1 gene likely has many more alternative transcripts than the current three major isoforms annotated in the NCBI database. Our examination of risk haplotypes revealed that, although the frequency of a single nucleotide polymorphism (SNP) or haplotype might be significantly different in cases from controls, difference between major geographic populations was even larger. Finally, we constructed the first DTNBP1 interactome and explored its network features. Besides the biogenesis of lysosome-related organelles complex 1 and dystrophin-associated protein complex, several molecules in the DTNBP1 network likely provide insight into the role of DTNBP1 in biological systems: retinoic acid, b-estradiol, calmodulin and tumour necrosis factor. Studies of these subnetworks and pathways may provide opportunities to deepen our understanding of the mechanisms of action of DTNBP1 variants.
Introduction
The human dystrobrevin-binding protein 1 (DTNBP1) gene spans B140 kb on chromosome 6p22.3 and has 10 exons. So far, it has not yet been classified into any known gene family. Dysbindin, a coiled-coil-containing protein encoded by DTNBP1, was initially found to interact with a-and b-dystrobrevin (DTNA and DTNB) in the muscle and brain of mice. 1 DTNA and DTNB are members of the dystrophin-associated protein complex (DPC), which links the cytoskeleton to the extracellular matrix and serves as a scaffold for signaling proteins. 1, 2 Dysbindin is also an essential component of the biogenesis of lysosome-related organelles complex 1 (BLOC-1) and interacts with all seven other components of BLOC-1. [3] [4] [5] In 2002, Straub et al. 6 first identified the DTNBP1 gene as a putative schizophrenia susceptibility gene by undertaking systematic linkage disequilibrium mapping across a linkage region on 6p in the 270 multiply affected pedigrees from the Irish Study of High Density Schizophrenia Families (ISHDSF). Reanalysis of this data identified a single high-risk haplotype containing 8 single nucleotide polymorphisms (SNPs) covering 30 kb. 7 As of 19 April 2008, 45 follow-up association studies, 18 of which had positive results, are annotated in the SchizophreniaGene database. 8 One meta-analysis has been published. 9 So far, DTNBP1 has been one of the most prominent schizophrenia susceptibility genes. 10, 11 DTNBP1 has been associated with other phenotypes including intelligence, schizoaffective disorder, bipolar disorder and the Hermansky-Pudlak syndrome type 7. 3, 12, 13 DTNBP1 association studies have been frequently cited and reviewed, 10, [14] [15] [16] and will not be discussed here. However, its gene feature, expression and protein's interactions with other molecules in cellular systems have largely remained speculative. 14 For example, there are few amino acid changes (nonsynonymous mutations) observed in the human population, none of which has been reported to be associated with schizophrenia. Recent studies revealed a reduced expression of DTNBP1 in the frontal cortex and hippocampal formation of schizophrenia patients. [17] [18] [19] DTNBP1 may confer susceptibility to schizophrenia via reduced expression mediated by its high risk haplotype, which might tag one or more cis-acting variants. 17, 20 These observations call for an investigation of the functional elements or regulatory mechanisms which might affect the DTNBP1 expression and confer the illness. Importantly, protein-protein interaction (PPI) analysis of DISC1 (Disrupted in Schizophrenia 1), another prominent schizophrenia susceptibility gene, suggested that schizophrenia susceptibility genes (for example, DTNBP1 and DISC1) may share common PPIs and affect common biological processes. 21 If this is true, network analysis may reveal novel mechanisms of etiology and intervention not easily reached by more conventional approaches (for example, single gene analysis). Here, we apply bioinformatics and systems biology approaches to explore the features of DTNBP1, including its molecular evolution and sequence conservation, gene structure, transcripts, haplotypes and interactome and pathways.
Conserved DTNBP1 gene structure in vertebrates So far, the DTNBP1 gene has only been experimentally verified in mice 1 and humans. 6 We performed an extensive search for the DTNBP1 gene in several major databases including NCBI Entrez Gene, Ensembl and dbEST, as well as in all the available genomes (see Supplementary Materials and methods).
Based on these sources, we identified human DTNBP1 orthologs in 12 other vertebrates, including 4 non-human primates, 6 non-primate mammals, and 2 non-mammals (Table 1 ). The length of its amino acid sequence is 351 in humans. Similar length and high identity of the amino acids are observed in other species (Table 1) . A dysbindin domain is annotated (positions 184-304 in NCBI human dysbindin isoform a, NP_115498). The domain is highly conserved among the vertebrates. For example, the identity is 87.6% between human and chicken dysbindin domains. Gene structure is also similar across species. For example, 10 exons are annotated in the databases or have been consistently predicted in the 13 species. However, gene length varies widely from 31.1 kb in zebrafish to 207.0 kb in opossums, probably as a result of variation in the extent of repeats. For example, human DTNBP1 has 74 088 bp repetitive sequences, accounting for 52.8% of the sequence; conversely, mouse DTNBP1 has 22 648 bp repetitive sequences, accounting for only 28.3% of the sequence (Supplementary Table S1 ). Repeats account for a smaller proportion in chickens and zebrafish DTNBP1 genes, whose lengths are also shorter. Figure 1 shows the aligned amino acid sequences and protein features in the 13 species. Overall, the coiled-coil region, dysbindin domain, and some other functional sites are conserved among these species. The N-terminal region is more conserved than the C-terminal region. Phylogenetic trees were reconstructed using the aligned amino acid sequences and CDS sequences, respectively. The protein and CDS trees show similar topology (Supplementary Figure S1 ). Human and mouse sequences are typically used to identify evolutionary conserved regions and to evaluate sequence conservation. 22 Using VISTA tool (http://genome.lbl.gov/vista/), we found that the exons are highly conserved; however, we also identified 41 conserved nongenic regions (CNGs) covering 6729 bp with an average identity of 72.9% (Supplementary Table S2 ; Supplementary Figure S2 ). When more genetically distant species (human, dog, mouse, and opossum) were employed in a cross-species sequence comparison, all exons are again highly conserved, but only a few CNGs are present ( Figure 2 ).
DTNBP1 gene likely originated in chordates and matured in vertebrates
Besides the DTNBP1 genes found in these 13 species, an extensive BLAST search of human protein sequence identified hits in 12 other organisms Table S3 ). Using cutoff values for the BLAST output: identity at the amino acid level of > 30% and requiring the aligned sequences to cover > 50% of the human dysbindin amino acid sequence, significant hits are all from chordates. The most ancient species in our search results is amphioxus (Branchiostoma belcheri tsingtauense, accession no. AY280671), an ancient fish classified as an invertebrate. However, the most significant hits ( > 50% identity in the BLAST output, > 80% coverage of the human amino acids) were only found in vertebrates. Moreover, the complete dysbindin domain was only observed in vertebrates. Thus, the functional DTNBP1 gene probably originated in chordates and the current DTNBP1 gene structure likely matured in vertebrates. Given the simpler nervous system in invertebrate chordates versus vertebrates, this suggests that DTNBP1's role arose with increasing central nervous system complexity.
Test recent positive selection in the human and other primate lineages
Schizophrenia may be a maladaptive by-product of adaptive cognitive changes during evolution. 23 A recent study 24 of 76 genes associated with schizophrenia indicated that 28 of these genes may have been under recent positive selection by applying two methods: Haplotter, which tests selective sweeps in human populations using the HapMap allelic data, 25 and the ratio of nonsynonymous over synonymous substitution rates (dN/dS ratio), which tests positive selection in a lineage. A dN/dS ratio greater than 1 suggests positive selection at the locus examined. 26 The results suggested an enrichment of a positive selection signal in these genes. For DTNBP1, a positive selection signal was found in the European population and a weak signal was also found in the African population in the HapMap data. 25 However, no positive selection was detected in the human and chimpanzee lineages. 24 Our test using human and four non-human primates further confirmed no positive selection in any primate lineage as the dN/dS ratio in each pairwise primate lineage comparison was consistently smaller than 0.5 (Supplementary Table S4 ). Furthermore, no positive selection was detected at any single codon site using PAML site models or branchsite models. 26 As both the statistical methods tend to be liberal in detecting positive selection and the iHS algorithm implemented in the Haplotter only tests three HapMap subpopulations, 25, 27 the DTNBP1gene had probably not experienced substantial positive selection in recent evolutionary history.
Human DTNBP1 putative transcripts and expression
Currently, three major transcripts (isoforms a, b, and c; accession numbers NM_032122, NM_183040 and NM_183041) of human DTNBP1 are annotated in the NCBI Entrez database and more than 160 mRNA or EST sequences are related to human DTNBP1. The transcript isoform a is the reference transcript and has 10 exons. The 10-exon gene structure and sequences are conserved in the 13 species we examined. However, the number of transcripts of human DTNBP1 is likely more than 3. NCBI AceView (version April 2007), 28 a comprehensive and wellannotated alternative transcript variants database, annotated 16 human alternative transcripts whose lengths vary from 268 to 1955 bp. Because the transcripts in AceView were annotated in a genomewide fashion, we refined them as follows. We retrieved all the mRNA and EST sequences of the human DTNBP1 gene from the NCBI UniGene database, then performed a clustering analysis of all available mRNA and EST sequences using TGI Clustering Tools (http://compbio.dfci.harvard.edu/ tgi/software/), and finally compared the generated transcripts with the AceView transcripts based on the original DTNBP1 mRNA and EST sequences. For the 16 AceView transcripts (named a-p), we deleted transcript j and modified transcript o by deleting the last 200 bp in its 3 0 end. In addition, we added EST CD723892 as a partial transcript (details are shown in Supplementary Materials and methods). This resulted in a new set of 16 putative transcripts ( Figure 3 ). Among them, five (a, d, e, g and h) have mRNA evidence and the others have only EST data. Seven transcripts (k, l, m, n, o, p and CD723892) are short, which are likely partial transcripts. According to the expression data in the AceView, the three transcripts a, d and e are detected in many clones from a large number of tissues, whereas short transcripts are shown in a few clones and expressed in only one or a few tissues (Supplementary Table  S5) . Based on the current data, these alternative transcripts, especially the short ones, must be regarded as putative and require verification. Additional experimental work in our group confirmed six of the eight transcripts assessed (manuscript in preparation).
SNPs in DTNBP1 gene
There are 558 nonredundant SNPs in the human DTNBP1 gene region in the NCBI dbSNP database (build 129, http://www.ncbi.nlm.nih.gov/SNP/), including 196 HapMap SNPs. Only five SNPs are in protein-coding regions, four of them (rs17470454, rs16876589, rs16876569 and rs16876571) nonsynonymous. The minor allele frequencies of all these five SNPs are very low in CEU and JPT þ CHB and 0 in YRI based on the HapMap data, indicating that these mutations occurred recently in non-African population and have not yet been fixed. Twenty-one SNPs are mapped in the CNGs (Supplementary Table S2 ). There are 22 SNPs that have been reported either individually or within a haplotype that is significantly associated with schizophrenia, including 2 SNPs in CNGs. The locations of the association SNPs are displayed in Figure 3a and their details provided in Supplementary Table S6 . In the mouse DTNBP1 gene, there are 385 SNPs, including two nonsynonymous mutations (rs46632574 and rs48618277) and three synonymous mutations (rs51027077, rs50120298 and rs51319012). Overall, few SNPs could be found in the DTNBP1 protein-coding region.
Among the 22 SNPs from the association studies, 16 have allele frequencies from HapMap. The ancestral alleles of the SNPs were inferred based on the maximum parsimony principle using a pipeline in Jiang and Zhao. 29 The ancestral alleles of these SNPs are always major alleles with three exceptions: SNPs rs2619538, rs2619539 and rs742106 whose minor alleles in JPT þ CHB are ancestral alleles (Supplementary Table S7 ).
Haplotypes and high-risk haplotypes
We examined haplotype information for DTNBP and compared it to the reported high-risk haplotypes. HapMap SNPs in the DTNBP1 gene were used to infer haplotype using the program PHASE. 30 There are 44, 46, 56 haplotypes in CEU, JPT þ CHB and YRI, respectively, and 135 haplotypes in the whole HapMap sample. Only a few haplotypes are shared by subpopulations, for example, nine shared by at least two subpopulations and only two shared by three subpopulations. This nonsharing feature of haplotypes between major geographic populations has been reported at other loci. 31 Of note, the number of haplotypes in CEU is nearly the same as that in JPT þ CHB, though there are twice as many founder chromosomes in JPT þ CHB sample. This difference is mainly due to the preascertained SNPs selected in the HapMap project. These SNPs do not directly contain information about the underlying levels of nucleotide diversity. 25 Because iHS statistic in Haplotter tests the extended haplotype homozygosity, not the number of haplotypes, the observation of the similar number of haplotypes in CEU and JPT þ CHB is not directly related to their different positive selection signals detected by Haplotter.
We re-examined the high-risk haplotype reported in the ISHDSF. 7 Eight SNPs were employed in that high-risk haplotype: rs1474605 (P1792), rs1018381 (P1578), rs2619522 (P1763), rs760761 (P1320), rs2005976 (P1757), rs2619528 (P1765), rs1011313 (P1325) and rs3213207 (P1635). Seven of them (excluding rs2005976) are available in the HapMap. These seven SNPs result in the same haplotypes reported in ISHDSF 7 (rs2005976 is redundant). We extracted the phased haplotypes and their frequencies from the HapMap and compared haplotype frequencies in the ISHDSF sample (Table 2) . Interestingly, for the high-risk haplotype (haplotype 2), its frequency in CEU (0.108) is much higher than that in JPT þ CHB (0.005) or YRI (0.025). This confirmed the previous suspicion of lower frequency in other samples. 7 A number of haplotypes were not observed in YRI or JPT þ CHB sample.
Both van den Oord et al. 7 and Mutsuddi et al.
32
suggested that the ancestral haplotype was the most common haplotype (haplotype 1, see Figure 1 in van den Oord et al.). We mapped the eight SNPs to four available primates (chimpanzee, orangutan, rhesus macaque and marmost) and identified the corresponding nucleotides at these sites. Figure 4a shows an evolutionary relationship of seven haplotypes and Abbreviations: chimp, chimpanzee; rhesus, rhesus macaque; SNP, single nucleotide polymorphism. The SNPs from 1 to 8 are, respectively, rs1474605 (P1792), rs1018381 (P1578), rs2619522 (P1763), rs760761 (P1320), rs2005976 (P1757), rs2619528 (P1765), rs1011313 (P1325) and rs3213207 (P1635). Haplotypes 1 and 2 are the common and high-risk haplotypes in the ISHDSF. Haplotype frequencies were based on the ISHDSF study 7 and the HapMap data (CEU, JPT þ CHB and YRI). The sum of the haplotype frequencies is less than 1 because some other haplotypes were not included.
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DTNBP1 gene features and networks AY Guo et al their outgroups (details were provided in the Supplementary Materials and methods). The evolutionary tree indicates that (1) haplotypes 2 and 5 are rare in a branch separated from haplotypes 1, 3, 4 and 6 by primates and (2) the common haplotype is genetically distant from primates. We further drew a haplotype network (Figure 4b) , which demonstrates the possible mutational paths based on a median-joining algorithm. 33 Both the evolutionary tree and haplotype network indicate that the two haplotype groups are separated by primates. The results suggest that (1) the high-risk and common haplotypes might have undergone different evolutionary paths and, (2) contrary to the previous suggestions, the common haplotype is not ancestral.
We also re-examined the risk haplotype reported in Williams et al., 34 which is based on three markers (rs2619539, rs3213207 and rs2619538), one of which (rs3213207) was in the ISHDSF high-risk haplotype. One risk haplotype (C-A-T) and 2 protective haplotypes (C-A-A and G-G-T) were reported in two independent samples collected in Cardiff and Dublin. 34 Table 3 shows the frequencies of haplotypes in these two samples and in the HapMap samples. For the risk haplotype, its frequency in CEU (0.158) is close to that in the control samples (Cardiff: 0.16; Dublin: 0.15). However, the frequencies in JPT þ CHB (0.350) and YRI (0.250) are higher than the controls and the cases (0.21 in both the samples). Of note, Numakawa et al. 35 failed to detect a significant association between the C-A-T haplotype and schizophrenia in a Japanese sample. The C-A-T risk haplotype was associated with reduced cortical expression of DTNBP1, poor spatial working memory, less severe manic-type symptoms, and early visualprocessing deficits in Irish samples. 20, [36] [37] [38] For the protective haplotype C-A-A, which is an ancestral haplotype, its frequencies in CEU and YRI are high (0.375 and 0.467, respectively), but it absents from the JPT þ CHB. This absence is likely due to the low frequency of allele A (0.017) of SNP rs2619538 (Supplementary Table S7 ). The frequency of the protective haplotype G-G-T, an entirely derived haplotype, is very low (0-0.03) in the Cardiff and Dublin samples and not found in any HapMap sample.
The comparisons above suggest that, although a SNP or haplotype might be found at significantly different frequencies in cases and controls, the difference between major geographic populations 7 Among them, haplotype 2 is the high-risk haplotype and haplotype 1 is the common haplotype. Circle areas are proportional to haplotype frequencies. Four octagon nodes denote the four non-human primates. might be even larger. Whether these population differences impact on differences in the case and control studies requires further examination.
DTNBP1 protein interactions
So far, only one schizophrenia susceptibility gene, DISC1, has had its network extensively investigated. 21, 39 Here, we present our detailed examination of the network and pathway features for DTNBP1.
To identify all proteins interacting with DTNBP1, we collected and integrated all the available experimentally verified human PPIs from four major PPI databases (details in Supplementary Materials and methods). These protein pairs were considered as the human protein interactome. A total of 31 proteins were identified to directly interact with DTNBP1. The genes encoding these 31 proteins are provided in Supplementary Table S10. Among them, 3 genes (BLOC1S3, DTNA and SYNE1) have phenotype annotations in the OMIM database and 10 genes (PLDN, CNO, MUTED, BLOC1S1, BLOC1S2, BLOC1S3, DGCR6L, SNAPAP, RANBP5 and ZNF490) have association studies in the SchizophreniaGene database. 8 For these 10 genes, only 2 (BLOC1S3 and RANBP5) had positive results. We examined the distribution of characteristic GO terms associated with these genes. Fifty-seven GO terms associated with these 31 genes; 13 terms are associated with at least 5 genes and their hierarchical levels are at least 4 (Supplementary Table S11 ). The 13 GO terms are 'cytoplasm', 'calcium ion binding', 'actin binding', 'nucleus', 'protein transport', 'transcription', 'cytoskeleton', 'nucleoplasm', 'plasma membrane', 'intracellular', 'signal transduction', 'cytosol' and 'transport'. Overall, these terms relate to subcellular localization, transport and signal transduction. The most frequently observed GO term (23 genes) is cytoplasm, consistent with the previous report of DTNBP1 subcellular localization. 40 The other two frequently observed GO terms are calcium ion binding (21 genes) and actin binding (18 genes). These proteins may be related to synaptic vesicle mobility, 41 which is consistent with DTNBP1 being a synaptic and microtubular protein, 42 and part of DPC. Note that DTNBP1 and at least five of its interactors (DTNA, PLDN, SNAPAP, RAB11A and SYNE1) have been implicated in neurodevelopmental processes.
Using the Ingenuity Systems Core Analysis, two groups stood out as being highly significant in the human Global Molecular Network (GMN; Figure 5a ). Group 1 (P-score = 28) contains 12 proteins. The Pscore is defined here as Àlog 10 P, where P is calculated using Fisher's exact test. The top functions of the proteins in group 1 are cell morphology, cellular development and cancer. Group 2 (P-score = 26) has 10 proteins including all of the 8 components in BLOC-1, DTNA and DTNB. The top functions in group 2 are cell morphology, cell-to-cell signaling and interaction, and developmental disorder. For the remaining 10 proteins, 7 could not be mapped to any network and each of the 3 other proteins was mapped to a small network with P-scorep3. Interestingly, cancer is annotated as a functional feature in the DTNBP1 interactors. This is likely because cancer genes are widely annotated in the human genome and have been associated with schizophrenia (for example, TP53, 43 AKT1 44 ). As expected, frequent connections between proteins in group 2 were observed because most proteins are in the BLOC-1 complex. Interestingly, no direct interaction was found between any pair of proteins within group 1 or between any pair of the remaining 10 proteins (we broadly named these 10 proteins as group 3). When DTNBP1 is removed, there is no direct interaction between any two groups, with one exception (a connection between ABI3 and KIAA0408). To further examine this feature, we added proteins that directly interact with the 31 DTNBP1 interactors (distance 1), that is, DTNBP1 interactors with distance 2. The network shows that DTNBP1 serves as a superhub (a network node with more than 15 links). Conversely, when DTNBP1 is intentionally removed, the DTNBP1 interactors are only loosely connected (Supplementary Figure S4 ).
DTNBP1's networks/pathways
We further explored the features of DTNBP1 pathways and protein interaction networks in the Ingenuity GMN. We described the networks for the proteins in group 2 because the analysis of proteins in group 1 produced little additional information. Using the Ingenuity Network Analysis Tool, we extracted a complex subnetwork (details in Supplementary Materials and methods), which contains 140 molecules including 125 single proteins, 4 protein complexes, 9 protein groups and 2 other molecules (Supplementary Figure S5 ; Supplementary Table  S12) . Moreover, in the network, 30 genes have phenotype annotation in the OMIM database and 19 genes have been collected in the SchizophreniaGene database including 5 genes with at least 2 positive results. As expected, the network includes two protein complexes, BLOC-1 and DPC, which involve DTNBP1. Fourteen molecules directly link to the components of these two complexes: retinoic acid (RA), PRKACA, calmodulin (CaM), Nos, F-actin, ABCA1, SNAP25, SNAP23, Ap1, tumour necrosis factor (TNF), PRX, actin, STX12 and EBAG9. To interpret the results efficiently, we simplified the network by limiting: (1) components of the BLOC-1 and DPC complexes, (2) molecules directly linked to the components of these two complexes (14 molecules), (3) the molecules directly linked these 14 molecules, and (4) any molecules having at least 15 links (that is, degreeX15) under the assumption that highly connected molecules tend to have important function. 45 The simplified network is shown in Figure 5b proteins are defective in inbred mouse strains serving as models of the Hermansky-Pudlak syndrome. 3, 5 Figure 5b shows eight molecules that directly interact with the BLOC-1 components: DTNA and DTNB that interact with DTNBP1, EBAG9, SNAP23, PRKACA and SNAP25 that interact with SNAPAP, and STX12 and F-actin that interact with PLDN. Six proteins (STX12, SNAP23, PRKACA, EBAG9, SNAPAP, SNAP25) are involved in membrane fusion of the synaptic vesicle. [46] [47] [48] [49] In the fusion process, the SNARE complex plays a central role, 46 which decreases the release of glutamate from astrocytes in mice. 50 A number of protein-and gene-expression studies have presented evidence of DTNBP1 involvement in glutamate neurotransmission. 19, 35, 42 Therefore, the role of DTNBP1 and its interactors in the membrane fusion process of the synaptic vesicle is a plausible mechanism by which risk of schizophrenia is increased through disruption of synaptic glutamate neurotransmission.
Dysbindin in the DPC complex
Dysbindin interacts with DTNA in muscle and DTNB in the brain, both components of DPC.
1 DPC is a multifunctional protein complex that has been studied extensively both genetically and biochemically in muscle. Mutations in genes involved in DPC cause several types of muscular dystrophies. 51, 52 DPC is a dynamic and strategically located cellular signaling complex. 53 In Figure 5b , most of the DPC components are shown including dystrophin (DMD) and it related proteins (UTRN, DTNA, DTNB and DRP2), dystroglycans (DAG1), syntrophins (SNTA1, SNTB1, SNTB2, SNTG1 and SNTG2), one intercellular binding partner (F-actin) and two signaling molecules associated with the complex: CaM and Nos (a group of proteins including nNOS). Sarcoglycan complex was not present, as previously reported. 53 DTNA is highly expressed in skeletal muscle whereas DTNB, which is abundantly expressed in the brain, kidney, lung and liver, is often considered a non-muscle protein. 51 Furthermore, DTNB is expressed at significant levels within the cerebral cortex and hippocampus. 54 However, in brain, some of the individual components of DPC are expressed presynaptically and others postsynaptically. These data argue that the functions of DPC protein components in brain are different from those in muscle. 55 Interestingly, to our knowledge, no other gene in the DPC complex has been studied for its association with schizophrenia.
Dysbindin and other molecules
Besides BLOC-1 and DPC, several molecules in the network are noteworthy: RA, b-estradiol and CaM. RA is a metabolic product of vitamin A (retinol) and an established signaling molecule involved in neuronal patterning, neural differentiation and axon outgrowth. 56 Disruption of RA signaling has been implicated in the development of Alzheimer's disease and possibly, Parkinson's disease and depression. 56, 57 Retinoids may play an etiological role in schizophrenia. 58 Figure 5b depicts multiple paths from RA to DTNBP1; most are via regulation of expression.
Figure 5b also shows b-estradiol, which link to multiple molecules including Akt, TNF, insulin and CaM. Estrogens may be protective in schizophrenia as men develop schizophrenia at an earlier age and with greater severity than women. 58, 59 A recent study showed estrogen directly induces expression of RA biosynthetic enzymes in rats, suggesting a coordinated role of estrogens and RA. 60 CaM, a calcium-binding protein, and PRKACA, a cAMP-dependent protein kinase, are both involved in long-term potentiation (LTP) of synaptic transmission. 61 In nervous tissue, Nos is involved in synaptic long-term depression (LTD). LTP and its counterpart LTD have long been considered as a potential mechanism for memory formation and learning. 62 Upregulation of human CaM mRNA(s) in dorsolateral prefrontal cortex was reported in schizophrenics. 63 
Conclusion
The DTNBP1 gene is highly conserved in its structure and functional domains, but not in its noncoding sequences. This gene probably originated in chordates and matured in vertebrates, consistent with its role in complex nervous systems. No strong evidence of recent positive selection was found at the gene locus. The human DTNBP1 gene likely has many more alternative transcripts than the current three major isoforms annotated in the NCBI database. Our examination of risk haplotypes revealed large difference between major geographic populations, which need to be taken into account in interpreting association studies. Specifically, for the haplotypes based on the eight SNPs reported in the ISHDSF, we found that (1) the seven haplotypes were separated as two groups by primate lineages, indicating different evolutionary processes of the high-risk haplotype from the common haplotype and (2) contrary to prior suggestion, the most common haplotype is not the ancestral haplotype. Finally, we constructed the first DTNBP1 interactome, which contains 31 interactors, and explored its network features in the Ingenuity GMN. The networks indicate that DTNBP1 is involved in both muscle and neuronal functions. DTNBP1 may confer its susceptibility to schizophrenia through its impact on glutamate neurotransmission, RA signaling pathway, and synaptic LTP and LTD, which link to other biological pathways.
